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The present Letter proposes a device based on graphene for infrared light emission. It is based
on a n- and p-doped monolayer graphene (MGs), with Fermi energies EF and -EF , respectively,
sandwiching a bilayer graphene (BG) with bandgap Λ = 2|eVg − ∆| ≥ 2EF , where Vg is the gate
voltage across the BG and ∆ the sub-lattice energy difference into each layer of the BG. This device
works as simple as tuning the gate voltage to decrease the BG bandgap down to 2EF ; and, once
this condition is fulfilled, a current flows from the n-doped MG to the p-doped MG. However, when
electrons achieve the other side of the device, i.e., into the p-doped MG, their energies (EF ) are much
bigger than the holes energies (−EF ), and thus these electrons decay emitting infrared photons.
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Graphene has an unique electronic structure, with a
conical conduction and valence bands converging to the
Dirac point; and, as a consequence, electrons of this
material behave as massless Dirac fermions. This fea-
ture gives rise to a number of phenomena, such as:
quantum conductances[1, 2]; frequency-independent op-
tical conductance for a wide range of photons energy
and, consequently, unique optical transmittance and
broadband absorption[3]; quantum Hall effect[4]; high
carrier mobility[5]; optical transparency[6]; mechanical
flexibility[7]; environmental stability[8] and peculiar ther-
modynamic oscillations[9–12].
Graphene is therefore a truly example of advanced
functional material, and the most potential interface for
graphene applications lies between optoelectronics and
photonics, where those unique electronic and optical
properties can be maximally and completely explored.
Within this scenario we are able to cite applications on
ultrafast lasers[13], touch screens[8], photodetectors[14],
light-emitting structures[15] and many other devices; as
well as graphene based devices into the THz region,
that lies between microwaves zone and infrared-visible
region, both zones with efficient and well established de-
vices already[16]. In what concerns light-emitting devices
based on graphene, it has been proposed, for instance,
that few layers graphene can replace ITO (indium tin
oxide), or any other transparent conductors, as OLED
anodes[3, 15]. The present Letter goes therefore on this
direction and takes advantage of the opto-electronic prop-
erties of graphene to propose the infrared light emitting
diode (GILED).
However, for a reliable graphene application on opto-
electronics and photonics the central role for an efficient
device is the ability to manage the graphene bandgap.
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For a monolayer graphene (MG), it is possible to induce
a tunable bandgap by applying either a vertical electric
field or a quantum confinement, like in graphene nanorib-
bons (GNR). The former case displays a bandgap of up
to 0.25 eV for an electric field of 3 V/nm [17]; while the
second case presents a bandgap of up to 1 eV for a GNR
of few nm width. This last case has an extra advan-
tage to be easily integrated in nanoelectronics due to its
reduced dimensions. A detailed review of bandgap engi-
neering has been published by Lam and Guo[18] and, in
addition to the electric field and quantum confinement,
other methods are still on the focus of the scientific com-
munity, as mechanical stress and chemical modification
of the graphene composition. This bandgap engineering
ensures to graphene a wide sort of nano-opticalelectronic
applications.
The above description is not limited to MG, and bilayer
graphene (BG) has also received the due attention[18]. It
is constituted by two MGs stacked in some possible ways
as, for instance, the Bernal packing[19], that leads to a
quadratic dispersion relation E = ±h¯2k2/2m, but with-
out bandgap. However, considering the sub-lattice en-
ergy difference ∆ into each layer of the BG, the dispersion
relation assumes a more sophisticated structure[20–22]:
E = ±
{
∆2 + |f(~k)|2 + t
2
⊥
2
± t⊥
[
|f(~k)|2 + t
2
⊥
4
]1/2}1/2
(1)
where t⊥ is the hopping energy between the two layers,
|f(~k)|2 = 3+2 cos
(√
3kxa
)
+4 cos
(√
3kxa/2
)
cos (3kya/2) ,
(2)
a ≈ 1.42 A˚is the carbon-carbon distance, ~k = ~q − ~Q, ~q
is the two dimensional wave vector of graphene’s elec-
trons and ~Q stands for the Dirac point coordinate in mo-
mentum space. For this case, a bandgap appears with
width of Λ = 2∆[20–22], but it is not possible to man-
age its value by means of any external parameter. How-
ever, when the BG is under a gate voltage Vg (with a
2FIG. 1: (color online) Left: GILED conception: a n- and p-dopped MGs sandwiching a gapped BG. Middle-top: band
structure of the MGs and the gaped BG for zero gate voltage, i.e., device turned off. There is no current flow trough the device,
since ∆ > EF . Middle-bottom: band structure of the MGs and the gaped BG for a gate voltage that fulfills the condition
eVg = ∆−EF (and, consequently, Λ = 2EF ), i.e., device turned on. This case allows a current flow trough the device; and then,
when electrons achieve the p-doped MG, these decay emitting infrared photons. Right: Parallel association of some GILEDs
as a multilayer device. This structure could increase the emission of photons.
corresponding potential U = eVg), the energy spectrum
resumes as [20]:
E =±
{
U2 +∆2 + |f(~k)|2 + t
2
⊥
2
± (3)
[
(t2
⊥
+ 4U2)|f(~k)|2 + 4U2∆2 + 2t2
⊥
∆U +
t4
⊥
4
]1/2}1/2
and, consequently, the bandgap turns to be:
Λ = 2
[
∆2 + U2 − 2
t2
⊥
+ 4U2
(
2U4 + 2U2∆2 + t2
⊥
∆U
)]1/2
(4)
Naturally, k = 0 leads to Λ = 2|U−∆| and this is the key
result to enable the GILED device, since now it is possible
to manage the bandgap width by means of an external
parameter; and, for this case, it is the gate voltage. Note,
the bandgap can either increase or decrease by changing
the gate voltage. The dispersion relation near the Dirac
point (equation 3), has been described in details on ref-
erence [20]. In fact, the bandgap for U = 0 is 2∆; and
increasing the gate voltage the bandgap decreases down
to zero, at U = ∆. Further increasing of U (higher than
∆), differently as before, promotes an increasing of the
bandgap. More precisely (see reference 20), for U < ∆,
the gap exists and the spectrum has a parabolic profile;
while for U > ∆, the gap still existes and the energy
spectrum assumes a ‘Mexican hat’ shape.
These results consider the bandgap caused by a viola-
tion of the equivalence between sublattices into layers of
the BG; however, a similar result can be written for the
case when the bandgap is caused by the energy difference
∆′ between layers of the BG. Technically speaking, it is
easier to be achieved in comparison the the former case,
since a simple adsorption of atoms on one of the layers
of the BG[23] can add some extra Coulomb energy to
the system, favoring the violation of symmetry. For this
case, the bandgap dependence on the gate voltage has
a behavior qualitatively the same as the one described
above.
The GILED conception considers a n-dopped MG elec-
tronically linked to a gapped BG under a gate voltage
that, on its turn, is also electronically linked to a p-
dopped MG, as shown on figure 1-left. The MGs are
doped in such a way that the Fermi energy of the n-doped
and p-doped MGs are equal EF and −EF , respectively.
When the device is turned off, the gate voltage is zero
(and, consequently, the potential U is also zero), and the
bandgap Λ satisfies the condition Λ = 2∆ > 2EF . This
situation does not allow a current flow between MGs (see
figure 1-middle-top). To turn on the device, the gate
voltage is turned on and thus, as can be seen on figure
1-middle-bottom, the potential U (< ∆) increases; and,
3consequently, the bandgap decreases (here is the key ef-
fect of the device, taking advantage of the possibility to
decrease the bandgap by managing the gate voltage).
The condition Λ = 2EF is achieved for U = ∆ − EF
and then a current flow is stablished from the n-doped
MG to the p-doped MG through the BG. However, as
soon as the electrons reach the p-doped MG, these de-
cay to the valence band by emitting a photon with energy
h¯ω = 2EF (see figure 1-middle-bottom). This system be-
haves similarly to a LED; but the mechanism of action of
this GILED is fundamentally different from conventional
LEDs.
n- and p-doped graphene can be obtained and tuned
by, for instance, ion and molecule doping of the MG
sheet[24, 25]; and typical value of the Fermi energy is
90 meV[26]. For this case, the emitted photon has c.a.
45 THz and therefore within the infra-red region. The
potential gate Vg to achieve this emission is simply c.a.
10 mV, considering ∆ ≈ 100 meV[21, 22].
This device can indeed be enhanced by developing a
parallel chain of GILEDs, increasing the flux of emitted
photons. In this case, a multilayer of single devices could
be built, separated by an insulating sheet. This proposed
multilayer device is depicted on figure 1-right.
Summarizing, this Letter proposes a graphene based
infrared light emitting diode (GILED). This device takes
advantage of the possibility to tune the bandgap of a
BG due to a voltage gate across the layers and works as
simple as a n-doped MG/gaped BG/p-doped MG sand-
wich. More precisely, the Fermi energy of the MGs is
bigger than the bandgap of the BG and for a certain
value of the gate voltage (eVg = ∆ − EF ), a current
channel thought the device is opened; i.e., electrons from
the conduct band of the n-doped MG flow trough the
BG and achieve the p-doped MG. However, the energy
of these electrons (EF ) are much bigger than the Fermi
energy of the p-doped MG (−EF ), and then these decay
by emitting photons with energy 2EF . This proposal is
purely theoretical and a proof-of-concept realization of
this device is highly welcomed.
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